The chromosomal ends of senescent cells are associated with DNA damage-response factors. Telomere shortening triggers a DNA damage checkpoint response, resulting in replicative senescence. Blocking of the DNA damage checkpoint response releases cell cycle arrest in the G 1 phase of the cell (1). One of the important mediators in telomere-dependent senescence is p53, and it plays an important role in DNA damage response as well as regulation of cellular senescence. The other main regulators of senescence are reported as p21 WAF1/CIP1 , p16 INK4A , and retinoblastoma protein, and these have been classified into two major signaling pathways, the p53/p21 WAF1/CIP1 pathway and the p16 INK4A /retinoblastoma protein pathway (2) .
ROS
3 are continuously produced in response to both endogenous and exogenous stimuli inside the cell (3) . Even though poor regulation of ROS production could lead to various pathological disorders, low levels of ROS are indispensable for many biological processes such as mitogenic proliferation (4, 5) . ROS have been known to be the main mediator and inducer of cellular senescence and organismal aging (6) . Hydrogen peroxide treatment of cells triggers senescence-like growth arrest, and oxidative damage correlates with senescence of human fibroblast cells (7, 8) . ROS induce cellular senescence not only by triggering DNA damage but also by activating redox-sensitive pathways (9) . It was suggested that oxidative stress shortened the telomere length through DNA single strand breaks (10) . Increased oxidants trigger oxidative DNA damage, and such oxidants are sensed by the DNA damage-response pathway, which is a common mediator of senescence (6) . The oxidative DNA damage in promoters of genes that are down-regulated with age has been known to be associated with human brain aging (11) .
ROS are generated from the electron transport chain in the mitochondria, which is the main source of ROS (3) . Many studies have reported that ROS derived from the mitochondria are directly involved in replicative senescence. Intracellular ROS levels were increased with age, and this is associated with mitochondrial dysfunction (12) . The down-regulation of genes related to mitochondrial function was also observed in the aging human brain (11) . Mitochondrial dysfunction was detected in hepatocytes from old rats, in which low mitochondrial membrane potential and increased ROS levels were observed (13) . In accordance with these results, Zahn et al. (14) observed that genes involved in the mitochondrial electron transport chain pathway are down-regulated with age in several species, including humans.
Mitochondrial dysfunction is correlated with an accumulation of mtDNA mutations, which contributes to aging and degenerative diseases (15) . Mutations and deletions of mtDNA were observed during aging (16, 17) . Increased mutations and deletions of mtDNA in mice with defective mitochondrial DNA polymerase are associated with reduced life span (18) . There have been many reports that gene mutations in the mitochondrial electron transport chain produce high levels of oxidants and are correlated with aging. Increased superoxide production was observed in the skin fibroblast containing complex I (NADH-CoQ reductase) deficiency (19) . A mutation in the succinate dehydrogenase cytochrome b large subunit in complex II was reported to produce superoxide (20) . The increased ROS production resulting from this mtDNA mutation demonstrated a role in life span (21) . A mutation of the succinate dehydrogenase cytochrome b subunit causes premature aging in nematodes (21) . Furthermore, the inactivation of the COX5 gene of the respiratory complex IV decreases ROS production and prolongs life span (22) . A mutation in the iron-sulfur protein (isp-1) also decreases sensitivity to ROS and increases the life span (23) . One other study also showed that the targeted mutation of p66
Shc extended the murine life span (24) . p66 Shc , which is located in the mitochondria, produces mitochondrial ROS in response to proapoptotic signals (25) .
In accordance with the above studies, transgenic mice overexpressing catalase in the mitochondria extend murine life span (26) . These results demonstrated that oxidative stress in the mitochondria is associated with aging. However, no correlation reports between mitochondrial ROS production and longevity were also reported in Drosophila and Sod2 ϩ/Ϫ mice (27, 28) . In a previous study, we identified a novel protein termed Romo1, which was shown to localize to the mitochondria. We also showed that enforced Romo1 expression enhanced ROS production (29) . Through further investigation, we reported that Romo1 was responsible for up-regulated ROS levels in cancer cells and that Romo1-derived ROS was required for cancer cell proliferation as well as normal cells such as IMR-90 human fibroblasts (5) . Because increased ROS levels and oxidative damage are both implicated as the major contributors toward senescence, this study was undertaken to investigate the expression of Romo1 in senescent cells and whether Romo1-derived ROS played a role in cellular senescence.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-The human lung fibroblast IMR-90 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA), and cells were maintained in Eagle's minimal essential media. Human lung cancer cells (H1299) were cultured in RPMI 1640 medium (Invitrogen). All media contained 10% heat-inactivated fetal bovine serum (Invitrogen), sodium bicarbonate (2 mg/ml; Sigma), penicillin (100 units/ml), and streptomycin (100 g/ml; Invitrogen). 2Ј,7Ј-Dichlorofluorescein diacetate (DCF-DA), N-acetylcysteine (NAC), H 2 O 2 , stigmatellin, myxothiazol, and rotenone were purchased from Sigma. MitoSOX, dihydrorhodamine 123, MitoTracker Red, and 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were obtained from Molecular Probes (Eugene, OR).
Senescence-associated (SA) ␤-Galactosidase Assay-Cellular senescence was examined using a senescent cell staining kit (Sigma). SA-␤-galactosidase staining was performed according to the manufacturer's instructions.
Small Interfering RNA Assay-Romo1 siRNA designed to target Romo1 (30) was synthesized by Bioneer (Taejon, Republic of Korea) and was transfected into IMR-90 cells using Lipofectamine 2000 (Invitrogen).
RNA Preparation and Northern Blotting-Total RNA was extracted from each sample using TRIzol reagent (Invitrogen). After 10 g of the total RNA was resolved on a 1% agarose/ formaldehyde gel, the RNA samples were transferred into a Nytran N nylon membrane (Schleicher & Schuell). The Romo1 cDNA probe (29) was labeled with a random primer DNA labeling kit (Roche Applied Science). Hybridization was performed overnight at 68°C.
Measurement of Intracellular ROS by Flow Cytometry-The fluorescence intensity of the DCF-DA-stained cells was measured by a FACScan flow cytometer (BD Biosciences). The cells were cultured for 2 days in the presence of control siRNA or Romo1 siRNA and then incubated with 50 M DCF-DA at 37°C for 30 min, and intracellular fluorescence of 5,000 cells was measured by flow cytometry using the green fluorescence emission parameter. ROS levels were also measured using dihydrorhodamine 123 (5 M) and MitoSOX (5 M).
Measurement of Mitochondrial Membrane Potential-To determine changes of mitochondrial membrane potential after Romo1 induction, H1299/pGene-Romo1 cells (29) treated with mifepristone (MFP) were incubated with JC-1 (5 M) for 30 min at 37°C. JC-1 was excited at 490 nm, and emission fluorescence was filtered, and images were collected at fluorescein isothiocyanate (green, 530 nm) and TRITC channels (red, 590 nm) using the LSM510 (Zeiss). The images were analyzed using LSM 3.5 image analysis software (Zeiss).
Western Blot Analysis-Western blotting was performed using anti-p53 (DAKO, Denmark), anti-p21 WAF1/CIP1 (Santa Cruz Biotechnology), anti-p16
INK4a (Santa Cruz Biotechnology), and anti-␤-actin (Sigma) antibodies as described previously (31) . Blots were visualized using chemiluminescence (ECL kit, Amersham Biosciences).
ROS Assays-For ROS measurement using SpectraMax (Molecular Devices, Sunnyvale, CA), 2 ϫ 10 4 cells were plated onto 12-well plates. DCF-DA was added to cell culture media and incubated at 37°C for 30 min. After the cells were rinsed with phosphate-buffered saline (PBS; pH 7.4), intracellular ROS levels were measured at a 490 nm excitation wavelength and at a 535 nm emission wavelength using SpectraMax. ROS fluorescence intensity was normalized by the cell number, which was counted using trypan blue staining.
Fluorescence Microscopy-MitoSOX (5 M) was added to cell culture media, and excess probes were removed by rinsing with PBS. Coverslips were wet-mounted onto slides, and fluorescent images from multiple fields of view were captured using a fluorescence microscope (Olympus LX71 microscope).
Confocal Microscopy-After treatment, the cells grown on the chambered cover glass were washed twice with PBS and incubated with MitoTracker Red (50 nM). DCF-DA was added directly to the cell cultures and incubated at 37°C for 30 min to detect ROS. The fluorescence images from multiple fields of view were obtained using an Axioplan II microscope (Zeiss) and a confocal microscope (MRC-1024 MP, Bio-Rad, and LSM510, Zeiss), which were set at the designated exposure setting. For foci analyses, the cells were first fixed, permeabilized, and blocked. The foci were observed by immunolocalization using the anti-phospho-H2AX (1:200, Upstate Biotechnology) antibody diluted in 1% bovine serum albumin/PBS/Triton X-100. The immune complexes were then stained with Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:500, Molecular Probes). After 4Ј,6-diamidino-2-phenylindole staining and mounting, fluorescence images were obtained using Zeiss Axioplan II and confocal microscopy. The images were analyzed using LSM 3. Transmission Electron Microscopy-The cells were cultured until they reached 50% confluency and were then treated with MFP for 24 h with or without NAC (0.5 mM). The cells were washed twice with PBS and centrifuged at 1,000 rpm for 5 min. The samples were fixed in 2% osmium tetroxide for 2 h, and stained en bloc with a uranyl acetate coloration solution for 90 min. After dehydration with increasing concentrations of ethanol and propylene oxide, thin sections were sliced using the Reichert ultracut and mounted on 200-mesh copper grids. These were then stained with 2% uranyl acetate and 1% lead citrate for 12 min each. The grids were observed under a Hitachi H-7500 electron microscope, and images were captured at a final magnification of ϫ15,000.
Statistical Analysis-Each assay was performed in triplicate and was independently repeated at least three times. Statistical analysis was conducted using the Student's analysis of variance. Statistical significance was defined as p Ͻ 0.05. Means, S.E., and p values were calculated using GraphPad PRISM, version 4.02 for Windows (GraphPad Software, San Diego).
RESULTS

Romo1 Expression Was Increased
in Senescent Cells-Romo1 was reported to generate ROS in the mitochondria (29) . Therefore, we were curious as to whether Romo1 expression was increased during the progression of senescence of IMR-90 cells. Northern hybridization was conducted to examine Romo1 expression in these cells. Interestingly, Romo1 expression was enhanced in the cells at PDL 51, and higher Romo1 expression was observed in the cells at PDL 75 (Fig. 1A) . Increased ROS formation was observed in cultured endothelial cells with high PDL, and this was concurrent with other studies reporting elevated ROS levels with age (12, 32) . We examined ROS levels in old IMR-90 cells. IMR-90 cells that had been continuously cultured were stained with DCF-DA, and the ROS levels were examined by confocal microscopy. Increased DCF-DA staining was observed in the cells at PDL 55 (Fig. 1B) , which corresponded to increased ROS levels. The increased ROS formation was quantified using a microfluorometer plate reader, and the relative ROS increase is shown in Fig. 1C . ROS levels were also meas- ured by flow cytometry, and the same results were obtained, as shown in Fig. 1D . The shift to the right of the curve because of increased fluorescence indicated an increase in the intracellular ROS levels. Because p53, p21 WAF/CIP1 , and p16 INK4a expression were enhanced in cells with high PDL (33, 34) , this was examined by Western blot analysis. Fig. 1E showed that the expression of these proteins was gradually up-regulated during continuous culture of IMR-90 cells.
Romo1 Expression Was Responsible for ROS Increase in Senescent
Cells-We then tried to determine whether Romo1-induced ROS was responsible for ROS increase in cells with high PDL. As shown in Fig. 2A , enhanced ROS levels were observed in IMR-90 cells at PDL 54, and transfection with Romo1 siRNA blocked this increase in ROS formation. The production of mitochondrial ROS in the IMR-90 cells was quantified using the Metamorph software (Fig. 2B) . ROS reduction by Romo1 siRNA was also observed by flow cytometry (Fig. 2C) . These results demonstrated that Romo1 played a major role in the regulation of ROS in IMR-90 cells with high PDL. IMR-90 cells, which are human normal lung fibroblast cells, are quite difficult to transiently transfect with plasmids, and such experiments are usually conducted in the presence of a drug selection. To observe the transfection efficiency of IMR-90 cells, we examined Romo1 knockdown by RT-PCR (Fig.  2D) and measured transfection efficiency by flow cytometry (Fig. 2E) . Romo1 knockdown was conducted by RT-PCR, but not by Northern blot techniques, because of the low expression of Romo1 expression (29) . Fig. 2E showed that Romo1 siRNA was efficiently transfected into IMR-90 cells and that the transfection efficiency of Romo1 siRNA was greater than 60%.
Increased Romo1 Expression Induced Senescence-To test whether Romo1 expression triggered cellular senescence of IMR-90 cells, retrovirus expressing Romo1 was infected into the cells and treated with G418. Ten days later, SA-␤-galactosidase activity was measured. As shown in Fig. 3, A and B, Romo1 expression induced cellular senescence. H-Ras was used as a positive control. Fig. 3C shows that Romo1 expression enhanced intracellular ROS level, and H-Ras also increased the cellular ROS level. Fig. 3C , right column, shows the merged images of ROS and mitochondria stained with MitoTracker. A hybrid gene encoding Romo1 tagged with Myc (Romo1-myc) was used in this experiment, and Romo1-myc protein expression was examined by Western blot analysis using the anti-Myc antibody (29) . These results demonstrated that Romo1 expression was increased during progression of cellular senescence, and increased Romo1 expression induced cellular senescence.
Next, we examined whether the increase of Romo1-derived ROS formation was associated with replicative senescence of IMR-90 cells. The cells were transfected with 40 nM Romo1 siRNA because 100 nM Romo1 siRNA inhibited cell growth (5) . As shown in Fig. 4 , Romo1 siRNA transfection delayed replicative senescence. As a positive control, the cells were treated with NAC. NAC treatment inhibited replicative senescence, and this result was consistent with previous reports (32) .
Romo1 Induced Nuclear DNA Damages-Because oxidative DNA damage is sensed by the DNA damage-response pathway and is known to be a common mediator of senescence (6), we examined whether Romo1-triggered ROS induced DNA damage. Romo1-induced DNA damage was examined by observation of the formation of ␥-H2AX foci. The production of ␥-H2AX foci after irradiation was confirmed by irradiating the IMR-90 cells with 10 Gy and examining the foci using immunofluorescence microscopy after staining the cells with the anti-␥-H2AX antibody. As shown in Fig. 5A , irradiation induced the formation of foci in the nuclei of the IMR-90 cells. A similar observation was made in the IMR-90 cells treated with H 2 O 2 . The IMR-90 cells were then transfected with Romo1 to determine whether Romo1 induced the formation of ␥-H2AX foci. The introduction of Romo1 induced the formation of ␥-H2AX foci, which was abolished by NAC treatment, demonstrating that the ROS generated by Romo1 caused DNA damage (Fig. 5B) . The Romo1-induced formation of ␥-H2AX foci formation was confirmed by treating the stably transfected H1299/pGene-Romo1 cells containing an MFP-inducible expression system (29) with MFP and counting the number of foci. As shown in Fig. 5C , MFP treatment induced the formation of ␥-H2AX foci. The ␥-H2AX foci began to form after 12 h and reached a maximum of 48 h after the MFP treatment (Fig. 5D) . The double strand breaks (DSBs) generated by the Romo1-induced ROS were also examined using a comet assay. As a positive control, the IMR-90 cells were irradiated, and the tail moment was analyzed (Fig. 6A) . The tail moment formed by Romo1-induced ROS was also observed in the H1299/pGene-Romo1 cells treated with MFP (Fig. 6B) . The tail moment was detected from 12 h and increased in a timedependent manner (Fig. 6C) . 
Romo1-derived ROS Originated from the Mitochondrial Respiratory Chain-Because
Romo1 localizes to the mitochondria (29), we examined whether Romo1-enhanced ROS production originated from the mitochondrial respiratory chain. The superoxide generation by Romo1 induction was observed by MitoSOX, a mitochondrial superoxide indicator, staining. A Romo1-inducible cell line (H1299/pGene-Romo1) was used in this study. The cells were induced by MFP and treated with specific inhibitors of the respiratory complexes. The levels of ROS production were quantified by incubating the mitochondria with MitoSOX. As shown in Fig. 7, A and B, ROS levels were increased after Romo1 induction, and ROS production was blocked by stigmatellin or myxothiazol treatment, which inhibited ROS production at complex III. Rotenone, an inhibitor of the electron transport at complex I, and malonate, a complex II inhibitor, failed to inhibit ROS production, suggesting that the Romo1-induced production of ROS occurred within complex III of the electron transport chain. A previous study showed that morphological changes in the mitochondria, in the form of a round and swollen shape, were observed in some of the Romo1-GFP expressing H1299 cells (29) . These changes were also observed by electron microscopy. As shown in Fig. 7C , the intermembrane spaces of many mitochondria appeared to be widened. This mitochondrial structural reorganization may be triggered by Romo1-induced ROS production because NAC treatment was shown to have blocked the Romo1-induced mitochondrial cristae remodeling. An increase in the levels of ROS in the mitochondria may cause the opening of the mitochondrial permeability transition pore, resulting in the collapse of the mitochondrial membrane potential (⌬⌿m) (35) . To test whether Romo1-triggered ROS production induced ⌬⌿m changes, the cells were treated with MFP and stained with the ⌬⌿m-sensitive dye JC-1. As a positive control, the cells were treated with H 2 O 2 . In H 2 O 2 -treated cells, the JC-1 dye remained in the cytoplasmic green fluorescence of the monomeric form, indicating a low ⌬⌿m (Fig. 7D) . Fig. 7D also indicates the merged image of red fluorescence and green fluorescence, showing a yellow color. Increased Romo1 induction caused a ⌬⌿m, decrease and treatment with mitochondrial inhibitors blocked any changes in ⌬⌿m (Fig. 7D) . These results demonstrated that enhanced ROS levels induced by increased Romo1 expression originated from complex III of the mitochondrial respiratory chain and that this may cause mitochondrial dysfunction.
DISCUSSION
Although ROS levels increased by various stresses could lead to various pathological disorders, an appropriate ROS level is indispensable for cell proliferation (4). The concentration of H 2 O 2 is intracellularly maintained from a low of ϳ0.001 M to a high of ϳ0.7 M (36). Antioxidant treatment inhibited cell growth by decreasing endogenous ROS levels (37) . This cell growth inhibition was because of the arrest of the cell in the G 1 phase (38) resulting from the up-regulation of cyclin-dependent kinase inhibitors, such as p21 WAF/CIP1 and p16 INK4a , and down-regulation of G 1 cyclins (39) . Although treatment of the cells with a high dose of H 2 O 2 induced cell growth inhibition or death, treatment of cells with a low dose of H 2 O 2 increased cell proliferation by activating the extracellular signal-regulated kinase (40 -42) . In a previous study, we also showed that downregulation of ROS by Romo1 knockdown induced cell cycle arrest at the G 1 phase and inhibition of cyclin D1 expression (5) .
Romo1 was first identified in 2006, and Romo1 expression was shown to be up-regulated in most cancer cell lines (29) . A recent publication (43) reported that a high level of ROS derived from the mitochondria was detected in cancer cells. Therefore, we were curious to test if the high levels of ROS observed in many cancer cells originated from Romo1 in our previous study and showed that Romo1 knockdown decreased ROS levels not only in various cancer cells but also in IMR-90 cells (5) . This study demonstrated that Romo1-derived ROS was needed for normal and cancer cell proliferation. However, the exact mechanism of ROS production remains to be elucidated. In subsequent experiments, we observed that Romo1 expression was increased in the IMR-90 cells with high PDL and that its expression was up-regulated in proportion to increasing PDL (Fig. 1A) . We wondered if Romo1-induced ROS contributed to replicative senescence of IMR-90 cells. Because ROS are the major inducers of replicative senescence, and antioxidant treatment was shown to delay the senescence of endothelial cells (32), we tested whether Romo1-induced ROS affected replicative senescence. Even though the expression of Romo1 was undetectable in IMR-90 cells by Northern blot analysis (29) , we were able to analyze the level of Romo1 expression by RT-PCR (Fig. 2C) . Romo1-derived ROS is indispensable for normal cell proliferation because Romo1 siRNA transfection inhibited IMR-90 cell growth (5) . It appeared that Romo1, which is expressed in low levels in normal cells, produced a small amount of ROS needed for cell proliferation. Therefore, we were unable to use a sufficient amount of Romo1 siRNA for Romo1 knockdown in this study. We also observed that transfection of 100 nM Romo1 siRNA twice for 10 days inhibited growth of the IMR-90 cells (data not shown). In this study, low amounts of Romo1 siRNA were transfected into IMR-90 cells, such that severe growth inhibition was not induced. Although replicative senescence of the cells transfected with 40 nM Romo1 siRNA was partially delayed in Fig. 4 , we suggest that ROS derived from increased Romo1 expression plays an important role in replicative senescence of IMR-90 cells.
It is known that ROS generated from the mitochondria are major determinants of cellular senescence and organismal aging (44) . Mitochondrial function declines with aging. Low ⌬⌿m and increased ROS levels were observed in hepatocytes from old rats (12, 13) . In this study, we showed that enforced Romo1 expression triggered cristae remodeling of mitochondria and induced ⌬⌿m down-regulation. Romo1 induced cristae remodeling of the mitochondria, and ⌬⌿m down-regulation was triggered by ROS generated from Romo1 because antioxidant treatment blocked Romo1-induced cristae remodeling of the mitochondria and ⌬⌿m down-regulation. From these results, we suggest that Romo1 expression is enhanced during aging and that ROS levels derived by Romo1 cause mitochondrial dysfunction, resulting in replicative senescence.
ROS levels, which cause single strand nicks and DSBs, are up-regulated with age and can cause an increase in 8-oxo-dG generation in various species (44) . DSBs are often observed in senescent cells and aged mice. Sedelnikova et al. (45) showed that many DNA lesions with DSBs in senescent cells, which are irreparable, were observed in nontelomeric regions and suggested that persistent DNA lesions with irreparable DSBs are an important factor that causes aging. This study showed that ROS produced by increased Romo1 expression induced nuclear DNA damage. To accomplish this, ROS should be released into the cytosol. Even though the majority of ROS in the mitochondria are produced at complexes I and III, it has been reported that complex III is a major source of ROS released into the cytosol (46) . Fig. 7 shows that stigmatellin and myxothiazol, which inhibits the electron transport at complex III, blocked Romo1-induced production of ROS. An analysis of a hypothetical translation using the "Translate" program on the EXPASY website indicated that Romo1 is a transmembrane protein. Therefore, it is possible that Romo1 is located in the mitochondrial membrane and that Romo1 plays an important role in releasing ROS required for cell proliferation into the cytosol. It should be noted that ROS levels are increased from aging and various stresses and that they originate mainly from the mitochondria (3). We postulate that Romo1 expression is induced during aging, and this enhanced Romo1 expression disturbs the mitochondrial respiratory chain, resulting in the excessive generation of ROS. However, further studies will be needed to clarify the exact mechanism by which Romo1 produces ROS and contributes to replicative senescence.
In this study, we showed that increased Romo1 expression, which is up-regulated in senescing human cells, contributes to replicative senescence by producing ROS persistently and inducing oxidative DNA damage. From the results of this study, we suggest that Romo1 is one of the major molecular contributors toward ROS-associated aging. Further investigations will be required to elucidate the exact mechanism by which Romo1 produces ROS formation. The functional role of Romo1 in aging using an in vivo system also remains to be studied. Taken together, our present data demonstrate a new molecule involved in replicative senescence, which should be further studied to understand the aging process.
